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Introduction {#sec1}
============

Disease modeling using induced pluripotent stem cell (iPSC)-derived neurons is becoming an increasingly accepted alternative to studies of rodent models of neurogenetic disorders including epilepsy, autism, and schizophrenia ([@bib35]). Specific protocols for the generation of two- and three-dimensional neuronal cultures have been developed leading to a wide application of two major approaches in the modeling of brain disorders. One approach is a lengthy and sophisticated attempt to reach the most complex representation of *in vivo* processes by generating brain organoids ([@bib44], [@bib45], [@bib47], [@bib49], [@bib50], [@bib52], [@bib53]), while the second focuses on a fast production of homogeneous, stable neuronal populations using overexpression of specific transcription factors, most commonly Neurogenin 2 (NGN2) ([@bib5], [@bib42]).

*In vivo* neurodevelopment is a complex process starting in humans in the first trimester of pregnancy and continuing until adulthood. Following the initial step of neurulation that creates the neuroectoderm, different types of neural cells are made via asymmetric mitosis in a typical temporal order, from neurons to astrocytes and finally oligodendrocytes. The newborn cells migrate from a germinative zone to a terminal place and, after occupying it, connect to other cells. The first recorded neuronal activity is spontaneous firing, which is at a later stage driven by electric and eventually chemical synapses ([@bib7], [@bib36], [@bib40]). Oscillatory neuronal activity, corresponding to a synchronous activity of neuronal assemblies, first develops mostly in projections from thalamus to the cortex. These initial, slow, intermittent oscillations are mediated by glutamatergic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and *N*-methyl-D-aspartic acid (NMDA) receptors and appear around the 32^nd^ week of gestation ([@bib18]). They are replaced by faster continuous oscillations and desynchronization, caused by emerging intracortical connections and a maturing GABAergic system ([@bib18]). The latter processes start after the 35^th^ week of gestation and continue until infancy, with the prefrontal cortex reaching full maturity in humans at the age of 25 years ([@bib37]). Human and rodent neurodevelopment share common concepts but differ in fine details, such as thickness and layering of the cortex, emergence of an outer subventricular zone, and gyrification ([@bib8], [@bib34]). Human stem cell-based models may, therefore, provide novel insights into the developing human brain.

In this study, we used two alternative differentiation protocols. The first one is based on viral overexpression of the NGN2 transcription factor leading to the generation of homogeneous glutamatergic active neuronal populations within 1--3 weeks of differentiation ([@bib5], [@bib42]). The second, embryoid body (EB)-based dual SMAD inhibition procedure uses a modified embryonic stem cell differentiation protocol ([@bib6], [@bib41]) in an attempt to follow the natural path of neurogenesis. This protocol also results in the generation of glial cells ([@bib14]).

We aimed to (1) assess the ability of iPSC-derived neurons to generate a more complex and a more mature network activity important for neuronal development, and (2) test the two differentiation protocols in regard to maturity of generated neurons using a comparison with available data from human and rodent neurodevelopmental studies. Neurons generated by the NGN2 protocol were cultivated for 2--3 weeks and if co-cultured with murine astrocytes 6--7 weeks after the start of differentiation. Cultures derived using the EB protocol were matured for up to 6 months, which covers or exceeds the time points of analysis reported in the literature ([@bib17], [@bib27], [@bib31]). In contrast to other iPSC studies looking mostly at the RNA expression in different models to assess the identity and maturation of differentiated neurons, we focused on the assessment of electrophysiological properties that can provide a standardized concept across different species.

Results {#sec2}
=======

We used two protocols to differentiate iPSCs into cortical neuronal cultures ([Figures 1](#fig1){ref-type="fig"}A and [S1](#mmc1){ref-type="supplementary-material"}). The first one, based on transgenic expression of NGN2 under doxycycline control ([@bib5], [@bib42]), produced pure neuronal cultures of regularly firing neurons starting from day 7 after induction ([@bib15]). We characterized these neurons by dual immunostaining for the glutamatergic marker VGLUT1 and cholinergic marker CHAT on day 14. Both markers were expressed in the majority of generated neurons ([Figure 1](#fig1){ref-type="fig"}B; [@bib5]). Patch-clamp recordings in these cultures were performed from day 14 to day 19 after induction. The second, EB-based protocol uses steps alternating between adhesive and floating growth with a timed addition and withdrawal of small molecules to recapitulate *in vivo* neurodevelopment. Electrophysiological recordings in these cultures were performed 3--6 months after the start of differentiation. Characterization of adhesive phases (neurorosettes and terminal neurodifferentiation) using immunostaining is shown in [Figure 1](#fig1){ref-type="fig"}C. Neural stem cell (NSC) markers, SOX2 and PAX6, were expressed in neurorosettes. Besides neurons (MAP2-positive cells), 5-month-old EB-derived cultures were enriched in astrocytes as indicated by the presence of glial fibrillary acidic protein (GFAP) staining ([Figure 1](#fig1){ref-type="fig"}C). We further found a prevailing number of cells expressing SATB2 (marking predominantly layers 2--4 cortical neurons) over CTIP2 (marking layer 5 projection neurons) in 4:1 ratio (n(SATB2) = 102, n(CTIP2) = 22). VGLUT1-positive glutamatergic neurons were present in a vast majority compared with GAD67-positive inhibitory cells ([Figure S6](#mmc1){ref-type="supplementary-material"}), which accounted for less than 5% of all neurons ([Figures 1](#fig1){ref-type="fig"}C and [S6](#mmc1){ref-type="supplementary-material"}). This corroborates the reports pointing at the necessity of a patterning factor, purmorphamine, for GABAergic neuronal differentiation ([@bib17], [@bib31], [@bib56]). We exclusively selected large pyramidal cells ([Figure 1](#fig1){ref-type="fig"}C, bottom) for patch-clamp recordings. From the start of terminal differentiation, both NGN2-derived and EB-derived neurons were kept in BrainPhys medium made in-house following the procedure described by [@bib1]).Figure 1Neural Differentiation Protocols for Modeling of Cortical Pathologies(A and B) (A) Timeline of the NGN2 protocol (top) and dual SMAD protocol (bottom). (B) Immunostainings of 14-day-old NGN2-differentiated neurons for VGLUT1, CHAT, and MAP2 protein expression.(C) Immunostaining characterization of different stages of EB differentiation using specific antibodies. For rosettes (top left, day 14 of differentiation): SOX2 and PAX6; for 5-month-old EB cultures: GFAP and MAP2 (top right), CTIP2, SATB2, and MAP2 (bottom left), and GAD67 and MAP2 (bottom right). Right panel shows VGlut1and MAP2 staining, with a patched neuron filled with Lucifer yellow (inset).DAPI (blue) is used as a nuclear marker. Scale bars as stated in the image, otherwise 100 μm. See also [Figures S1](#mmc1){ref-type="supplementary-material"} and [S6](#mmc1){ref-type="supplementary-material"}.

Both differentiation protocols yielded electrophysiologically active cells ([Figure 2](#fig2){ref-type="fig"}A). Cells with a resting membrane potential (RMP) of −50 mV or below and firing more than one action potential were accepted for analysis. Evoked neuronal firing upon increasing current injections revealed early response of NGN2-derived neurons but a faster collapse of firing beyond current injections of 40 pA ([Figures 2](#fig2){ref-type="fig"}A and 2B). Older EB-derived neurons produced more action potentials at higher current injections ([Figure 2](#fig2){ref-type="fig"}A). To assess the maturity of cells, we used a ranking system that sorts stem cell-derived neurons into five types based on the overshooting amplitude of action potentials and the firing frequency ([@bib1]; see [Supplemental Information](#app1){ref-type="fn"}). The analysis revealed that EB-derived neurons are more mature than NGN2-derived neurons, with less than 10% of recorded neurons not reaching type 5 maturity. For NGN2-derived neurons that proportion is 33% ([Figure 2](#fig2){ref-type="fig"}C).Figure 2NGN2- and EB-Evoked and Synaptic Activity(A) Representative action potential traces recorded from an NGN2 (blue) and an EB (green) neuron in response to 20 pA and 60 pA current stimulus applied for 800 ms. All cells were held at −70 mV.(B) Input-output curves for 14- to 19-day-old NGN2 and 3- to 6-month-old EB neurons. ^∗^p = 0.0112 ($F_{1,87}$=6.716, n(NGN2) = 48, and n(EB) = 41 from three independent differentiations; two-way repeated-measurements ANOVA matched for cells, error bars indicate SEM).(C) Diagrams showing distribution of neuronal maturity classes according to [@bib2] (n(NGN2) = 48, n(EB) = 41).(D) Representative traces of excitatory postsynaptic currents (EPSCs) recorded at −85 mV from 19-day-old NGN2 (blue) and 3-month-old (middle) and 4-month-old (bottom) EB cells (green). Only EB-derived neurons show spontaneous synaptic activity.

There was no spontaneous synaptic activity detected in NGN2-derived cultures up to 19 days *in vitro*. In contrast, we recorded an abundant synaptic activity in EB-derived neurons, which was constantly improving during maturation of up to 6 months in culture ([Figure 2](#fig2){ref-type="fig"}D).

Oscillatory Activity in EB-Derived Neurons {#sec2.1}
------------------------------------------

Prolonged cultivation of EB-derived cells resulted in increased oscillatory activity. At 6 months, large pyramidal cells nested in a dense astrocytic population ([Figures 1](#fig1){ref-type="fig"}C \[bottom\] and [3](#fig3){ref-type="fig"}A) showed oscillatory activity with intermittent low-frequency postsynaptic currents, which regularly reached amplitudes of ≥−500 pA and lasted for more than 1.5 s (mean ± SD: 4.39 ± 1.50 s) ([Figure 3](#fig3){ref-type="fig"}B, top panel). The frequency of events was one in 50 s (mean ± SD: 0.027 ± 0.024 Hz). Following 5-min recordings in the voltage-clamp mode, we regularly switched to the current-clamp mode and could detect events with the same frequency and duration ([Figure 3](#fig3){ref-type="fig"}B, bottom panel). We called these occurrences giant depolarization events (GDEs) and we retain this designation for both current-clamp and voltage-clamp recordings throughout the article. GDE duration and frequency as well as interburst interval were averaged for each recorded cell, and the distributions for all cells are shown in [Figure 3](#fig3){ref-type="fig"}C. More detailed characterization of the GDEs is described in [Figures S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}.Figure 3EB-Derived Neurons Present Giant Depolarization Events Resembling Spindle Bursts or Early Network Oscillations(A) Bright-field image of a typical EB neuron (asterisk) showing giant depolarization events (GDEs). Scale bar, 100 μm.(B) Representative trace of EPSCs organized in GDEs, recorded at −85 mV (top); spontaneous firing of the same cell recorded using a holding current of 0 pA (bottom). The areas marked with dashed rectangles are magnified on the right.(C and D) (C) Left: frequency distribution of GDE duration, n(cells) = 25, bin width = 1 s; middle: frequency distribution of GDE frequency, n(cells) = 21, bin width = 0.01Hz; right: interburst interval, n(cells) = 21, bin width = 40 s. (D) Top: block of glutamatergic neurotransmission using AMPA blocker (holding potential −85 mV). Bottom: recordings in the current-clamp mode revealed that NMDA blocker MK-801 abolishes GDE bursts but not single spike firing. Holding current 0 pA.(E) Voltage-clamp recording at −50 mV showing that PTX blocks IPSCs.(F) Trace of a single GDE recorded at −85 mV and upon change of potential to −20 mV. The calculated chloride reversal potential was −85 mV, suggesting that downward events (black arrows) present EPSCs and upward events (red arrows) present IPSCs. Asterisk indicates capacitive and a potassium A-current.The data were derived from three independent differentiations. See also [Figures S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}.

To identify the origin of GDEs, we performed a series of pharmacological experiments. Previous studies had reported an effect of the AMPA receptor blocker, cyanquixaline (CNQX), on fast excitatory postsynaptic currents (EPSCs) in stem cell-derived neurons ([@bib10], [@bib15]). When we applied CNQX, both fast EPSCs and GDEs were completely abolished ([Figure 3](#fig3){ref-type="fig"}D, top) with GDEs returning after washout ([Figure S4](#mmc1){ref-type="supplementary-material"}A). In current-clamp recordings, we detected only action potentials evoked by current injections (data not shown). Application of the NMDA receptor blocker MK801 changed the firing pattern from GDE bursts to firing of single action potentials ([Figure 3](#fig3){ref-type="fig"}D, bottom). These data suggest a decisive glutamatergic drive for GDEs by both AMPA and NMDA receptors. Notably, this resembles the activity observed in *in vivo* recordings from the barrel cortex of neonatal rats ([@bib19]) and recordings in cortical slices ([@bib11]) extracted from rats of the same age, postnatal day 1 (P1) to P6 ([Table S1](#mmc1){ref-type="supplementary-material"}). To assess the contribution of GABAergic activity, we performed voltage-clamp recordings at −50 mV, which enabled simultaneous recordings of EPSCs and inhibitory postsynaptic currents (IPSCs) ([Figure 3](#fig3){ref-type="fig"}E). Here, IPSCs appeared as upward events that could be blocked by 10 μM picrotoxin (PTX), a GABA~A~ receptor blocker. After washout of PTX, IPSCs re-emerged ([Figure 3](#fig3){ref-type="fig"}E). The upward occurrence of IPSCs at this potential is in accordance with the calculated and measured chloride reversal potential at −85 mV ([Figure S4](#mmc1){ref-type="supplementary-material"}B). The occurrence of IPSCs during GDEs stayed elusive due to massive AMPA receptor and NMDA receptor depolarizing currents. Therefore, we performed recordings whereby we changed the holding potential from −85 mV to −20 mV in the middle of a GDE ([Figure 3](#fig3){ref-type="fig"}F). This experiment showed clearly that EPSCs (downward currents at holding potential −85 mV) as well as IPSCs (upward currents at holding potential −20 mV) are simultaneously present in GDEs.

Application of 10 μM PTX blocked outwardly displayed IPSCs but also induced large inward currents corresponding to GDEs recorded in current-clamp mode ([Figure 3](#fig3){ref-type="fig"}E). To further examine the role of GABAergic transmission in the generation of GDEs, we applied 10 μM PTX in current-clamp recordings ([Figure 4](#fig4){ref-type="fig"}A). Upon application of PTX, the firing pattern changed from frequent single spikes with only rare transient depolarizations with bursts of action potentials to a pure pattern of depolarizing bursts. Further analysis revealed that inhibitory postsynaptic potentials (IPSPs) caused a sag in membrane potential before PTX application, followed by an increased action potential overshoot presumably due to a restoration of a portion of inactivated sodium channels ([@bib23]). This was not seen in recordings with PTX. The average increase of the action potential overshoot of the five events marked by arrows in [Figure 4](#fig4){ref-type="fig"}A was 9.86 ± 2.25 mV; for the events recorded in the presence of PTX, the averaged overshoot increase was 0.38 ± 0.99 mV (p = 0.0095 using Welch\'s t test). A similar effect was observed when firing was evoked by current injections. In this case, a preceding IPSP could increase the overshoot of an immediately following action potential ([Figure S4](#mmc1){ref-type="supplementary-material"}C).Figure 4Characteristics and Development of GDEs(A) Top: firing activity (holding current 0 pA) before and after application of GABA~A~ blocker PTX. Bottom: magnified views show presence of IPSPs before PTX application (black arrows, left) and their block after application (right).(B) Top left: recorded trace of a delta frequency oscillation. An extract from current-clamp recording of a 5-month-old neuron, holding current 0 pA during recording. Bottom left: corresponding voltage-clamp recording from the same cell at the holding potential of −85 mV. Top right: recorded trace of theta frequency oscillation. An extract from current-clamp recording of a 5-month-old neuron, holding current 0 pA during recording. Bottom right: corresponding voltage-clamp recording from the holding potential of −50 mV to display both IPSCs and EPSCs.(C) Chronological development of synchronized activity in EB-derived neurons. Green traces: synaptic activity recorded in voltage-clamp mode; red traces: corresponding firing recorded in current-clamp mode with $I_{\text{h}}$= 0 pA. Voltage-clamp and current-clamp traces were obtained from the same cell of the particular age. During development in culture, the activity changes from single AMPA events later enriched by NMDA events to GDEs. Addition of hyperpolarizing GABA events enables faster and prolonged oscillations.(D) Left: scatterplot of expression analysis of *NKCC1* and *KCC2* transporters plotted as an *NKCC1/KCC2* ratio (p = 0.4857, n(2 months) = 4, n(6 months) = 4, Mann-Whitney test, U = 5). Right: scatterplot of expression analysis of *SCN1A* normalized to *MAP2* plotted as a ratio of both genes after square-root transformation (^∗^p = 0.0358, n(2 months) = 4, n(6 months) = 4, unpaired t test).See also [Figures S2--S4](#mmc1){ref-type="supplementary-material"}.

Several of 25 recorded cells exhibiting GDEs achieved an interplay of EPSCs and IPSCs with an oscillatory pattern. [Figure 4](#fig4){ref-type="fig"}B depicts two most developed oscillations we recorded that resembled a delta oscillation, on the left, and a theta oscillation, on the right. The cell showing delta oscillations is driven by EPSCs (black arrows), recorded at the holding potential of −85 mV. Voltage-clamp recording at the holding potential of −50 mV in the cell showing theta oscillatory pattern suggests the involvement of both EPSCs (black arrows) and IPSCs (red arrows), resulting in a faster oscillatory pattern than seen in the cell showing the delta oscillation. A summary of the changes in synaptic and oscillatory activity during the development in culture is shown in [Figure 4](#fig4){ref-type="fig"}C.

To test whether the development of GDEs is correlated with maturation of the GABAergic system, we investigated the expression of the transporters *NKCC1* and *KCC2* involved in regulation of neuronal chloride homeostasis and in the so-called GABA switch during neuronal development were investigated ([@bib13], [@bib25]). We also studied *SCN1A* as the major sodium channel of inhibitory neurons ([@bib55], [@bib51]) in 2- and 6-month-old EB-derived cultures. The experiments were designed as an absolute quantification, enabling us to calculate the ratio of *NKCC1*/*KCC2* for each sample. For *SCN1A* analysis, we normalized the quantity of *SCN1A* to *MAP2* to control for the different proportions of non-neuronal cells in the bulk isolation of RNA. No changes were found in the *NKCC1*/*KCC2* ratio during 4 months of maturation ([Figure 4](#fig4){ref-type="fig"}D, mean ± SEM, 2 months: 12 ± 9.32; 6 months: 8.53 ± 3.56; p = 0.486). *SCN1A* expression normalized to *MAP2* showed an upregulation within the same period ([Figure 4](#fig4){ref-type="fig"}D; mean ± SEM, 2 months: 0.035 ± 0.013; 6 months: 0.148 ± 0.043; after square-root transformation, 2 months: 0.168 ± 0.049; 6 months: 0.371 ± 0.057; p = 0.0358---the square-root transformation was used to achieve a normal distribution in order to apply a t test).

Functional Properties and Neural Cell Growth {#sec2.2}
--------------------------------------------

Cell capacitance, indicating the size of the recorded neurons, was proposed as a better marker of maturation than the time from the start of neuroinduction ([@bib2]) ([Figure S5](#mmc1){ref-type="supplementary-material"}A). After observing a strong correlation of GDE duration with cell capacitance (r = 0.488, p = 0.0132) ([Figure 5](#fig5){ref-type="fig"}A), we explored whether passive neuronal properties could explain the functional differences between NGN2-derived and EB-derived cells. Both capacitance (mean ± SEM, NGN2: 22 ± 1 pF; EB: 70 ± 6 pF; p \< 0.0001) and input resistance (mean ± SEM, NGN2: 1,908 ± 132 MΩ; EB: 441 ± 56 MΩ; p \< 0.0001) were significantly different ([Figures 5](#fig5){ref-type="fig"}B and 5C). When we compared input resistances with reported values from recordings in human brain tissue during the second trimester ([@bib20]) and in adult human neurons ([@bib34]), we found that approximately half of the NGN2-derived neurons had input resistances similar to those of the second trimester brain tissue, whereas EB-derived cells were closer to adult human neurons ([Figure 5](#fig5){ref-type="fig"}C). A hyperbolic function was fit to the capacitance-input resistance relationship for all recorded cells ([Figure 5](#fig5){ref-type="fig"}D):$$R_{\text{in}} = \frac{2.09E^{6}}{\left( {C^{2} + 743.2} \right)} \sim \frac{r_{\text{m}}}{A} = \frac{r_{\text{m}}}{4\pi r \ast r} = \frac{r_{\text{m}}}{4\pi r^{2}} = \frac{x}{r^{2}} = \frac{\text{Δ}U}{\text{Δ}I}\text{,}$$Figure 5Cell Growth and Electric Properties of Differentiated Neurons(A) Correlation of cell capacitance and GDE duration in EB neurons. Pearson's r = 0.488, p = 0.0132, n = 25, $R^{2}$ = 0.2385.(B) Boxplot of cell capacitance values for NGN2-derived versus EB-derived neurons. ^∗∗∗∗^p \< 0.0001, n(NGN2) = 48, n(EB) = 41, Welch\'s t = 7.962.(C) Boxplot of input resistance values for NGN2-derived versus EB-derived neurons. ^∗∗∗∗^p \< 0.0001, n(NGN2) = 46, n(EB) = 41, Mann-Whitney test U = 65. The red field marks a range of input resistance recorded by [@bib20]) in the human fetal brain tissue aborted in the second trimester. The red dashed line marks a mean input resistance in human adult cortical tissue recorded by [@bib34]).(D) Non-linear fit of input resistance relation to capacitance for all recorded NGN2-derived and EB-derived neurons; n(NGN2 + EB) = 46 + 41 = 87, $R^{2}$ = 0.4866.(E) Averaged input-output curves from [Figure 2](#fig2){ref-type="fig"}B with additional NGN2 curve recalculated for input resistance (IR, *R*~in~) of EB-derived neurons.(F) Boxplot of resting membrane potentials of NGN2-derive versus EB-derived neurons. ^∗∗∗^p = 0.0004, n(NGN2) = 48, n(EB) = 41, Mann-Whitney test U = 568.(G) Representative traces of the first action potential emerging in recordings from an NGN2-derived and EB-derived neurons upon current injection.(H) Boxplot of action potential threshold values of NGN2-derived versus EB-derived neurons determined at 20 V/s. ^∗∗∗∗^p \< 0.0001, n(NGN2) = 48, n(EB) = 41, Mann-Whitney test U = 84.Color coding: NGN2, blue; EB, green. Data were derived from three independent differentiations. ^∗∗∗^p \< 0.001; ^∗∗∗∗^p \< 0.0001. See also [Figure S5](#mmc1){ref-type="supplementary-material"}. Boxes indicate 25--75 percentil of data distribution and whiskers indicate range.

where $R_{\text{in}}$ is input resistance, *C* is capacitance, $r_{\text{m}}$ is specific membrane resistance, *A* is area, *r* is radius, $x = \ \frac{r_{\text{m}}}{4\pi}$, Δ*U* is voltage deviation, Δ*I* is current injection, and $R^{2}$= 0.4866. Since the size of the cell determines input resistance, the relationship represents a hyperbolic decline of input resistance in growing neurons starting from the same capacitance of 15 pF recorded in iPSCs before the start of differentiation (data not shown).

To assess the impact of cell growth on firing properties ([Figure 2](#fig2){ref-type="fig"}B), we recalculated the input-output curve of NGN2-derived neurons using the input resistance recorded in EB-derived neurons using the following formula: $\text{Current}\ \text{to}\ \text{inject}_{\text{recalculated}}\  = \ \text{Current}\ \text{to}\ \text{inject}_{\text{NGN2}} \times \frac{R_{\text{in}}^{\text{NGN}2}}{R_{\text{in}}^{\text{EB}}}$. [Figure 5](#fig5){ref-type="fig"}E shows the result of this simple calculation indicating that the NGN2-derived neurons\' input-output curve more closely resembled the one obtained for EB-derived neurons with a deviation at lower current stimulations. EB-derived cells had significantly lower RMP ([Figure 5](#fig5){ref-type="fig"}F; mean ± SEM, NGN2: −58.8 ± 0.9 mV; EB: −64.6 ± 1.3 mV; p = 0.0004) and action potential threshold ([Figures 5](#fig5){ref-type="fig"}G and 5H; mean ± SEM, NGN2: −32.1 ± 1.1 mV; EB: −49.2 ± 0.92 mV; p \< 0.0001). Hence, we analyzed the voltage that evoked the maximum sodium current for both NGN2-derived and EB-derived neurons and found that in NGN2-derived neurons this voltage was more depolarized ([Figures S4](#mmc1){ref-type="supplementary-material"}D and S4E; mean ± SEM, NGN2: −24.2 ± 1.8 mV; EB: −47.8 ± 1.5 mV; p \< 0.0001), suggesting that a different pool of sodium channels may underlie firing in the two neuronal populations.

NGN2-Derived and EB-Derived Neurons Have Divergent Fates from the Start of Differentiation {#sec2.3}
------------------------------------------------------------------------------------------

We also examined the correlation of action potential threshold with cell capacitance. Whereas NGN2-derived cells showed no correlation (r = 0.02, p = 0.890), for EB-derived neurons we observed a bisegmental linear relationship with a breakpoint at 49 pF (r = 0.59, p = 0.016) ([Figure 6](#fig6){ref-type="fig"}A and 6B; zoomed-in area 0--49 pF). As the properties of sodium channels are an important determinant of the action potential threshold, expression levels of three major alpha sodium channel subunits expressed in the brain were determined using qRT-PCR. The analysis was performed for each of the protocols at the stage of differentiation corresponding to the electrophysiological experiments. In NGN2-derived neurons, *SCN3A* was the most abundantly expressed sodium channel, followed by *SCN2A* and *SCN8A*. In contrast, *SCN2A* channels were the most abundant in EB-derived neurons ([Figure 6](#fig6){ref-type="fig"}C).Figure 6NGN2 and EB Neurons Have Different Expression Profiles(A) Segmental linear regression with $x_{0}$= 49 pF. NGN2: *y* = −31.64 − 0.0201*x*, n(NGN2) = 48. EB:$y_{1} = - 29.49 - 0.4665x$ after $x_{0}$:$y_{2} = - 52.3485 + 0.0268\left( x - x_{0} \right)\ $, $R^{2} = 0.3936$, n(EB) = 41.(B and C) (B) Magnified plot of (A) in a range up to 49 pF. NGN2: Pearson's r = 0.02, p = 0.890, $R^{2} = 0.0003$. EB: Pearson's r = 0.59, p = 0.016 $R^{2} = 0.3513$. (C) Ratios of expression of three major sodium channels in two NGN2 and two EB lines determined by qRT-PCR.(D) Ratio of expression of a short *KCNQ2* transcript versus long *KCNQ2* transcript determined in two independent qRT-PCR experiments.(E) Input-output curves for 14- to 19-day-old NGN2, 3- to 6-month-old EB, and 7-week-old NGN2 neurons co-cultured with astrocytes (NGN2 Astro). ^∗^p = 0.0288 ($F_{2,102}$=3.672, n(NGN2) = 48, n(EB) = 41 from three independent differentiations and n(NGN2 Astro) = 16 from five independent differentiations); two-way repeated-measurements ANOVA matched for cells. Tukey\'s multiple comparison test: p(NGN2 versus EB) \< 0.0001, p(NGN2 versus NGN2 Astro) \< 0.0001, p(EB versus NGN2 Astro) = 0.6283. The error bars indicate SEM.(F) Left: boxplot of cell capacitance values for NGN2-derived versus EB-derived versus NGN2 Astro neurons. ^∗∗∗∗^p \< 0.0001, n(NGN2) = 48, n(EB) = 41, n(NGN2 Astro) = 16, Kruskal-Wallis test. Dunn\'s multiple comparison test: p(NGN2 versus EB) \< 0.0001, p(NGN2 versus NGN2 Astro) \< 0.0001, p(EB versus NGN2 Astro) \> 0.9999. Right: boxplot of input resistance values for NGN2-derived versus EB-derived versus NGN2 Astro neurons. ^∗∗∗∗^p \< 0.0001, n(NGN2) = 48, n(EB) = 41, n(NGN2 Astro) = 16, Kruskal-Wallis test. Dunn\'s multiple comparison test: p(NGN2 versus EB) \< 0.0001, p(NGN2 versus NGN2 Astro) \< 0.0001, p(EB versus NGN2 Astro) \> 0.9999.(G) Boxplot of action potential threshold values for NGN2-derived versus EB-derived versus NGN2 Astro neurons. ^∗∗∗∗^p \< 0.0001, n(NGN2) = 48, n(EB) = 41, n(NGN2 Astro) = 16, ANOVA test. Dunnett\'s multiple comparison test: p(NGN2 versus EB) \< 0.0001, p(NGN2 versus NGN2 Astro) \< 0.0001, p(EB versus NGN2 Astro) = 0.0009.(H) Top: the only trace of EPSCs organized in immature form of GDE, recorded at −85 mV in one of 16 analyzed neurons. Bottom: spontaneous firing of the same cell recorded using a holding current of 0 pA.Color coding: NGN2, blue: EB, green: NGN2 Astro, orange. See also [Figure S6](#mmc1){ref-type="supplementary-material"}. Boxes indicate 25--75 percentil of data distribution and whiskers indicate range.

We further assessed expression levels of different transcripts of another ion channel. *KCNQ2* has several different isoforms, with the short one shown to be expressed only early in development ([@bib29]). For these experiments, we performed an absolute quantification yielding the number of copies in 10 ng of whole RNA and divided the quantity of the short transcripts (Q2S) by the quantity of the long transcripts (Q2L). Our analysis revealed that the short variant is abundantly expressed at different stages of EB differentiation, but NGN2-derived neurons fail to express it at high levels ([Figure 6](#fig6){ref-type="fig"}D and [Table S2](#mmc1){ref-type="supplementary-material"}).

As a next step, we co-cultivated NGN2-derived neurons with murine astrocytes to test whether their addition can improve the firing and network properties of NGN2-derived cultures toward those observed for EB-derived neurons ([Figure S6](#mmc1){ref-type="supplementary-material"}). Indeed, the co-cultivated neurons were viable for up to 8 weeks, at which point the cultures started to decline. Thus, we analyzed 6- to 7-week-old cells, which appeared similar to EB-derived neurons with regard to evoked firing as well as to their capacitance and input resistance ([Figures 6](#fig6){ref-type="fig"}E and 6F). However, the co-cultivated NGN2-derived neurons showed an only partially hyperpolarized action potential threshold and did not reach the action potential threshold of EB-derived neurons ([Figure 6](#fig6){ref-type="fig"}G). Furthermore, we could not detect higher network activity like the GDEs observed for EB-derived neurons, except for one from 16 recorded cells displayed in [Figure 6](#fig6){ref-type="fig"}F. In contrast to GDEs recorded from EB-derived neurons ([Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}), no clear summation of NMDA inputs was seen in these recordings; we also did not detect IPSP events in these neurons, which is in line with the absence of interneurons in our NGN2-derived cultures ([Figure S6](#mmc1){ref-type="supplementary-material"}C) ([@bib42]).

Discussion {#sec3}
==========

We showed that iPSC-derived neurons cultured with a classical EB protocol for 6 months develop oscillatory activity resembling the activity known from the developing rodent brain, which has also been correlated with electroencephalographic recordings in humans ([@bib9], [@bib18], [@bib38]). This activity was not detectable following a fast differentiation using the NGN2 protocol without astrocytes, and only one cell from NGN2-derived cultures co-cultivated with astrocytes showed a network activity somewhat different to the GDEs observed in EB-derived neurons. We further used electrophysiological parameters to estimate the correlations with gestational age and showed that EB-derived neurons reach a more advanced grade of maturity compared with NGN2-derived neurons. This was also corroborated by the expression patterns of major sodium channel genes. Furthermore, the expression of two different splice variants of the *KCNQ2* potassium channel supported our anticipation that NGN2-derived cells do not follow a typical path of neurogenesis from the start of differentiation.

Nature and Properties of GDEs {#sec3.1}
-----------------------------

Recordings in EB-derived neurons differentiated for at least 4 months revealed spontaneous oscillatory activity, which we named GDEs. Two other studies reported a similar activity in human iPSC-derived neurons, but only after pharmacological induction ([@bib22], [@bib43]). The observed GDEs are driven by massive depolarizing currents, which regularly result in a depolarization block ([Figures 3](#fig3){ref-type="fig"}B \[bottom\] and [S3](#mmc1){ref-type="supplementary-material"}B \[bottom\]). In voltage-clamp recordings of GDEs, we recognized two different excitatory events, fast (10--100 Hz) and slow (0.05--5 Hz). Recordings in the presence of CNQX revealed that the fast inputs are AMPA receptor mediated. Application of the NMDA receptor blocker MK801 suggested that the slow inputs are mediated by NMDA receptors as previously reported in the literature ([@bib11], [@bib19]). Due to their slow kinetics ([@bib19]), NMDA receptor inputs can be summed up as leading to the occurrence of GDEs ([Figure 4](#fig4){ref-type="fig"}C). Since our recordings showed that all activity could be blocked by CNQX, AMPA events must appear before NMDA events. This makes sense from the physiological perspective, as the depolarization caused by AMPA receptor activation is needed to remove the Mg^2+^ block of NMDA receptors ([@bib16]).

The periodic activity of GDEs shown in [Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"} in both current-clamp and voltage-clamp mode, together with the predominant glutamatergic mechanism, suggests a resemblance to spindle bursts observed in recordings from P1--P6 rat cortex ([@bib19]). Spindle bursts, which are generally accepted as the analogous activity to a delta-brush recorded in human preterm newborn EEG, are proposed to synchronize the activity of local neuronal networks and affect corticogenesis ([@bib18]). Consistent with this, a recording from a cell that was presumably among the most developed ones showed oscillations in the delta frequency band ([Figure 4](#fig4){ref-type="fig"}B, left). A selection of similar developmental events is displayed in [Table S1](#mmc1){ref-type="supplementary-material"}. Giant depolarization potentials (GDPs) represent another type of oscillatory developmental event. GDPs have been recorded in hippocampal slices in rats at P1--P8 and are driven by GABAergic depolarizations ([@bib3]). However, our data suggest that the glutamatergic drive is critical for the initiation of GDEs while the main role of GABA is their maintenance by providing restoration from depolarization block at the plateau phase ([Figures 4](#fig4){ref-type="fig"}A, 4B, [S3](#mmc1){ref-type="supplementary-material"}B, and S4C). This behavior enables oscillations with a prolongation of GDEs. A recent study reported similar findings using analysis of at least 6-month-old iPSC-derived organoids with multielectrode arrays ([@bib54]).

One limitation of our work is that we could not assess the potential depolarizing action of GABA ([@bib48]), since we used whole-cell and not perforated patch-clamp recordings. We may have therefore biased the chloride reversal potential toward inhibition. However, GABA inputs were mostly active during GDEs. If they were depolarizing, they would present an additional depolarizing drive besides AMPA and NMDA currents, which would rather prevent oscillations and therefore not make sense in a physiological context. We examined the expression of two genes responsible for the so-called GABA switch in EB-derived cultures but did not find any significant difference between 2- and 6-month-old cultures. Interestingly, *SCN1A* expression increased in the same period. Although we could not confirm whether this was limited to its expression in inhibitory neurons, it goes along with the observation of an increased contribution of inhibitory activity to GDEs recorded from older neurons.

Developmental Changes of Neuronal Properties and Gene Expression in Adjustment to Cell Growth {#sec3.2}
---------------------------------------------------------------------------------------------

Since GDE duration was positively correlated with cell capacitance ([Figure 5](#fig5){ref-type="fig"}A), we investigated the correlation of passive membrane properties with the cell behavior. The development of a neuron is tightly correlated with its growth, since axonal and dendritic sprouting is essential to connect with other neurons at increasing distances within the growing networks. However, growth alone would cause a hyperbolic decline of input resistance, leading to an increased threshold for synaptic inputs to induce an action potential. This is further complicated by an increasingly hyperpolarized RMP, presumably due to an increased expression of different proteins, such as K^+^ channels and Na^+^/K^+^ ATPase ([@bib4], [@bib39]). This unfavorable fate of a growing neuron is illustrated in [Figure 5](#fig5){ref-type="fig"}E, which shows that NGN2-derived neurons with an input resistance of EB-derived neurons would become insensitive to low current stimulations. However, although EB-derived neurons have a more than 4-fold lower input resistance and more hyperpolarized RMP compared with 2-week-old NGN2-derived neurons, they still possess a sufficient excitability at low current stimulations to generate action potentials. In EB-derived neurons, the potential loss of excitability at low current stimulations is counteracted by a shift of the action potential threshold ([Figures 5](#fig5){ref-type="fig"}G, 5H, and [S6](#mmc1){ref-type="supplementary-material"}). Our qRT-PCR experiments looking at the expression of three main excitatory neuronal sodium channels (Na~V~1.2, Na~V~1.3, and Na~V~1.6 encoded by the genes *SCN2A*, *SCN3A*, and *SCN8A*, respectively) revealed higher relative expressions of *SCN2A* and *SCN8A* in EB-derived than in NGN2-derived neurons. In previous studies, Na~V~1.6 channels have been especially associated with a hyperpolarizing shift of the action potential threshold ([@bib26], [@bib28], [@bib32]). Without this shift in action potential threshold, maturing neurons would probably not be able to fire upon small synaptic inputs.

Interestingly, a bilinear fit with a breakpoint at 49 pF yielded the best result to describe the relationship between the action potential threshold and the cell capacitance (which we used as a measure of maturity) for EB-derived neurons ([Figure 6](#fig6){ref-type="fig"}A). The action potential threshold was continuously hyperpolarized until a capacitance of almost 50 pF was reached and then remained stable. In contrast, there was no correlation between cell capacitance and action potential threshold in NGN2-derived neurons ([Figures 6](#fig6){ref-type="fig"}A and 6B).

In addition to the different expression profiles of sodium channels, a voltage-gated *KCNQ2* channel showed a largely distinct developmental expression: the short transcript of *KCNQ2* is abundantly expressed in EB-derived differentiating cells but is instantly downregulated during differentiation of iPSCs into NGN2-derived neurons.

Other fundamental differences in the two differentiation protocols may account for the distinct maturity of differentiated neurons. During the first 21 days of the EB protocol, cells still divide and differentiate from iPSCs into common neural precursor cells, as is known from *in vivo* data ([@bib12]). EB-derived neurons then also migrate out of EBs. In the NGN2 protocol, neurons are differentiated directly from iPSCs and there is no migration in the culture dish. The combined approach with addition of the SMAD and WNT inhibitors ([@bib21]) in the first days of NGN2 differentiation can overcome some of the discordances between the protocols.

The addition of astrocytes proved to be an effective technical way to improve maturity of NGN2-derived neurons showing larger capacitance and smaller input resistance and allowed formation of functional synapses ([Figure 6](#fig6){ref-type="fig"}). However, a declining number of neurons during culturing due to the lack of progenitor cells and the absence of interneurons ([@bib42]), in addition to the depolarized action potential threshold and the undeveloped complex network activity such as GDEs, set limitations to the use of NGN2-derived neurons with or without astrocytes as developmental disease models.

Estimating Gestational Maturity of iPSC-Derived Neurons {#sec3.3}
-------------------------------------------------------

The mature EB-derived neurons showed spontaneous activity similar to neurons at P1--P6 from rat neocortex *in vivo*, suggesting that GDEs potentially show a correlation with spindle bursts and, hence, to delta-brushes. This analogy indicates that the gestational age of EB-derived cells lies within the last trimester of pregnancy in humans ([@bib18], [@bib37]). These results also nicely fit with transcriptomic studies concluding that the best developed human iPSC neuronal cultures can rarely reach late fetal maturity ([@bib30]). The input resistance of the EB-derived cells was close to that described in human adult brain neurons (70 MΩ) ([@bib34]). This is in accordance with our data showing that the input resistance has a hyperbolic relationship with the cell growth ([Figure 5](#fig5){ref-type="fig"}D). In contrast to the EB protocol, the NGN2 protocol generated reliably firing cells within 2--3 weeks with input resistances corresponding approximately to the second trimester; this considerably less mature stage of development was also reflected in the different gene expression profiles discussed above. The 6- to 7-week-old NGN2-derived neurons co-cultured with astrocytes reached the third trimester maturity regarding their passive membrane properties but failed to reproduce the action potential threshold and network activity expected in this period. Altogether, our data suggest that passive electrophysiological parameters together with spontaneous activity may serve as useful markers to determine the maturity of iPSC-derived neurons.

[Figure 7](#fig7){ref-type="fig"} (modified from [@bib46]) summarizes a comparison of the data obtained in this study with those in the literature and shows which periods of prenatal neurodevelopment are best correlated with the EB and NGN2 protocols. The EB protocol covers a much broader developmental range compared with the NGN2 protocol, which only partially correlates with the first 20 weeks after conception and does not include cell multiplication and migration phases. Co-culturing with astrocytes improves viability of NGN2-derived cultures and enables formation of functional synapses but does not reproduce higher network activity seen in EB-derived cultures. Translational disease modeling using the NGN2 protocol should take these limitations into account and restrict research questions appropriately.Figure 7Schematic of the *In Utero* Neurodevelopmental Processes in HumanThe simplified graph shows a timeline for major events of neural development that occur during prenatal and postnatal periods, and the developmental processes we suggest are covered by two differentiation protocols used in this study. Blue, NGN2 protocol; green, EB protocol. Modified after Ervard et al. (1996).

In conclusion, we have shown that human iPSC-derived neurons can achieve synchronized activity reminiscent of spindle bursts previously recorded only in rodent brain, and have highlighted the impact of cell growth on neuronal behavior, estimated the maturity of differentiated neurons, and determined developmental restrictions of NGN2-induced iPSC disease modeling.

Experimental Procedures {#sec4}
=======================

Generation of iPSCs {#sec4.1}
-------------------

Extraction of skin biopsies for the establishment of fibroblasts cultures or hair plucking for generation of keratinocyte cultures and their use in the generation of iPSCs were approved by the Ethics Committee of Medical Faculty and the University Hospital Tuebingen. All donors signed the consent form. Reprogramming was performed according to an adapted protocol from [@bib33]), with details described in [Supplemental Information](#app1){ref-type="fn"}.

NGN2-Based Neural Differentiation {#sec4.2}
---------------------------------

We used doxycycline inducible human NGN2 lentiviral expression. iPSCs transduced with NGN2 and rtTA3 lentivirus and selected with puromycin were incubated for 4 h in medium supplemented with 2.5 μg/mL doxycycline and 10 μM Y-27632, followed by dissociation into single cells using Accutase and plating on poly-L-ornithine/laminin-coated coverslips placed in 24-well plates. We plated 80,000 cells per coverslip in NSC medium ([Table S3](#mmc1){ref-type="supplementary-material"}) enriched with 1 μg/mL doxycycline, 10 μM Y-27632, and 10 μM DAPT. On the following day, medium was changed to NSC containing 1 μg/mL doxycycline, 10 μM DAPT, and 10 μM PD 0325901. On days 3--5, we added 2 μM cytarabine to prevent proliferation of untransduced iPSCs, after which medium changed to a 1:1 mixture of NSC and in-house made BrainPhys medium (BrainPhys basal with N2 and NSC21 supplement, [Table S3](#mmc1){ref-type="supplementary-material"}) ([@bib1]). On day 8, medium was completely changed to BrainPhys and refreshed every 5 days. For the co-cultivations with murine astrocytes, we used the same protocol except that the cells were cultured on preplated astrocytes (see [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}) and kept for up to 8 weeks.

EB-Based Neural Differentiation {#sec4.3}
-------------------------------

iPSCs cultivated in mTesR1 were manually dissected into large pieces of similar size (diameter 200 μm), which were then transferred into T25 flasks filled with NSC medium containing 10 μM Y-27632 and 10 ng/mL fibroblast growth factor 2 (FGF2) to form EBs. On the following day, we changed medium to the pure NSC. On day 5, we transferred the EBs to Matrigel-coated 6-cm dishes in medium enriched with 1 μM dorsomorphin and 10 μM SB-431542 and let them adhere. We manually picked rosettes and thus selected for pure neuroepithelium on day 14 from the start of the differentiation. The dissected rosettes were transported into a T25 flask containing NSC plus 10 ng/mL FGF2. On day 21, we carefully triturated the NSC preparation into approximately five same-size (diameter 200 μm) pieces and transported them onto coverslips coated with poly-L-ornithine and laminin. For the first day of terminal differentiation we used medium containing NSC and BrainPhys in 1:1 ratio, supplemented with 10 μM Y-27632, 10 ng/mL brain-derived neurotrophic factor, 10 ng/mL glial cell-derived neurotrophic factor, 10 ng/mL insulin-like growth factor 1, 200 μM ascorbic acid, 1 μM cyclic AMP, and 1 μg/mL laminin. On the following day, we switched to full BrainPhys medium containing the same supplements except for Y-27632. From this point the medium was changed once a week and the supplements were not added to the BrainPhys after the first month. The cells were kept in an incubator that was opened only for medium change once a week.

Electrophysiological Recordings {#sec4.4}
-------------------------------

Whole-cell patch-clamp recordings were performed at 22°C using an Axopatch 200B (Molecular Devices, USA) amplifier connected to Digidata 1440A (Molecular Devices) and pClamp10 (Molecular Devices) acquisition software. The cells were clamped at −70 mV. We recorded capacitance, access resistance (inclusive criterion \<20 MΩ) and RMP. For the voltage-clamp recordings, sampling rate was 20 kHz and lowpass filter 5 kHz. For investigation of GDEs, we performed a separate class of recordings in EB-derived neurons (acquisition and analysis are described in [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}).

qRT-PCR {#sec4.5}
-------

RNA isolation was performed using a Bioline Kit including on-column DNA digestion. The concentration was measured on NanoDrop ND-1000 (Peqlab, Germany). To test silencing of viral transgenes and upregulation of stem cell markers, we used a one step qRT-PCR kit (Bioline, UK) and ΔΔCt method with GAPDH serving as a housekeeping gene ([@bib24]). Procedures for the expression analysis of KCNQ2 transcripts, sodium channel genes, and markers of GABAergic system maturation are described in [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.

Electrophysiological Data Analysis {#sec4.6}
----------------------------------

Data analysis was performed using Clampfit (Molecular Devices), Excel (Microsoft, USA), GraphPad Prism 8 (GraphPad, USA) and MATLAB (Mathworks, USA) software. Only cells with RMP \< −50 mV and more than one spike in evoked firing protocol were included in the analysis. For evoked firing, only action potentials or spikes with amplitudes reaching 25 mV positive deviation from interspike plateau before the investigated spike were accepted. Action potential threshold was calculated as the voltage of the first derivation value of 20 V/s of the first spike in a 1,000-Hz lowpass filtered trace that had four action potentials in the evoked firing curve.
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